Abstract: Treatment failures in head and neck cancer patients are mainly related to locoregional tumor recurrence. The objective of the present study was to evaluate the diagnostic accuracy of model-free dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) to detect local recurrence during the surveillance of head and neck cancer patients.
INTRODUCTION
T reatment failure for head and neck cancer is mainly related to locoregional tumor recurrence (25%-54.9%), whereas distant metastasis occurs less frequently (2.3%-3.9%). [1] [2] [3] [4] To increase the chances that a salvage procedure will be curative, posttreatment surveillance should aim to detect locoregional recurrent or persistent disease. 5 A definite diagnosis of locoregional tumor recurrence has been obtained through invasive procedures, such as biopsy or during surgery. The need for a biopsy itself can present a dilemma as the trauma of multiple biopsies in heavily radiated tissue may initiate superimposed infection, chondritis, failure to heal, further edema, and deterioration of complaints. 6 In addition, biopsies in previously treated areas may give false-negative results due to sampling errors associated with focally dispersed residual tumors. To supplement biopsy-related problems, diagnostic techniques should provide a better estimate of the likelihood of a recurrence and thus enable a more reliable selection of patients who should undergo a biopsy. Furthermore, a biopsy from recurrence might be of interest for the selection of next treatment option.
Conventional anatomical imaging techniques, such as computed tomography and magnetic resonance imaging (MRI), and advanced imaging techniques including diffusion-weighted MRI and fluorine-18 fluorodeoxyglucose positron emission tomography, have shown variable success in distinguishing posttreatment change from recurrent or persistent disease, with a good sensitivity (83%-100%) and specificity (74%-95%). [7] [8] [9] [10] [11] [12] [13] [14] Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) has proven to be accurate in the differentiation of recurrent or persistent disease and posttreatment change in regions such as the breast, pelvis, colon, and head and neck. [15] [16] [17] [18] [19] [20] However, to the best of our knowledge, the value of the time-signal intensity (TSI) curve patterns and derived parameters from a model-free method for the assessment of treatment response for head and neck cancer has not been reported previously.
We hypothesized that the TSI curve and its associated parameters may differ between cases of recurrent or persistent disease, and between cases of posttreatment change on the basis of enhancement kinetics. Thus, the aim of this retrospective study was to evaluate the diagnostic accuracy of DCE-MRI using the TSI curve type and its derived parameters to predict locally recurrent tumor in the primary site during the follow-up of patients treated for head and neck cancer.
MATERIAL AND METHODS
Our retrospective study protocol was reviewed and approved by the institutional review board of our hospital. The requirement for written informed consent was waived due to the retrospective nature of the study. Our methods were conducted in accordance with the Standards for Reporting Diagnostic Accuracy statement. 21 
Study Patients
The study population was obtained from a historical cohort of 97 consecutive patients who were diagnosed with head and neck cancer by pathology examination and undergone definite treatment including surgery, radiation therapy, or chemoradiation therapy at Asan Medical Center, a 2700-bed academic tertiary referral hospital in Seoul, Korea, between March, 2013 and July, 2014 (Figure 1 ). Of these, 52 patients had a radiologically measureable enhancing mass (>1 cm) or asymmetric soft-tissue thickening at primary site on posttreatment follow-up MRI including DCE-MRI. 22 Patients were excluded if they had any of the following criteria: poor image quality due to artifact or no final diagnosis (local recurrence or posttreatment change) either by histology or clinicoradiologic follow-up. Local recurrence was defined as histological (biopsy or surgery) confirmation of a tumor or an increase in the size of the mass. We defined increase in size as at least 20% increase in maximum diameter of enhancing lesion mass at the primary site on follow-up clinical or imaging examinations. Posttreatment change was defined as the absence of any new mass or increase in size of any preexisting enhancing lesion at the primary site during a follow-up period of at least 1 year or histological (biopsy or surgery) confirmation of posttreatment change. Finally, 24 patients were included in this study.
MR Techniques
DCE-MRI was performed using a 3-T MR scanner (Achieva; Philips Medical Systems, Best, The Netherlands) with a 16-channel neurovascular coil (SENSE NV coil; Philips Medical Systems). A 3-dimensional gradient echo data were obtained before, during, and after administration of a standard dose of 0.1 mmol of gadoterate meglumine (Dotarem; Guerbet, Paris, France) per kilogram of body weight at a rate of 4 mL/s with an MRI compatible power injector (Spectris; Medrad, Pittsburgh, PA). The bolus of contrast material was followed by a 25-mL bolus of saline, administered at the same injection rate. The dynamic acquisition was performed with a temporal resolution of 3.2 seconds by using the sensitivity encoding (SENSE) with SENSE factor 1.9 and partial Fourier sampling (0.8 for phase encoding direction; 0.8 for slice-select direction), and contrast was administrated after 14 baseline dynamics (total: 120 dynamics). The detailed imaging parameters for DCE-MRI were as follows: a slice thickness of 3 mm with no gap; 20 slices; z-axis coverage of 60 mm; spatial in-plane resolution of 184 Â 160; TR/TE, 6.3/3.1 msec; flip angle, 158; FOV, 19 cm; and total acquisition time of 6 minutes 24 seconds. DCE-MRI was performed in an axial plane covering the entire tumor volume.
Image Processing and Analysis
MR data were digitally transferred from the picture archiving and communication system workstation to a personal computer and processed with the AFNI software (AFNI; http://afni.nimh.nih.gov/afni). 23 Regions of interest (ROIs) were drawn on all axial sections comprising any enhancing lesion present at the primary site, and then the volume of each enhancing lesion was generated by summing voxel volumes comprised within ROIs defined on all individual sections. We also measured the maximum axial diameter of each enhancing lesion. ROIs were drawn to avoid the major vessels and the cystic or necrotic part of the enhancing lesions as much as possible. The contrast index (CI) was calculated using the formula CI ¼ [SI (postcontrast) À SI (precontrast)/SI (precontrast)]. 24 The time course of the CI was then plotted to obtain a TSI curve. The TSI curve for each lesion was analyzed in 2 ways: subjective evaluation of the curve types and evaluation of its derived parameters. For the subjective evaluation, 2 experienced neuroradiologists (with 6 and 13 years of experience, respectively) independently performed a review of the TSI curves while blinded to the clinical and histopathologic findings and conventional MR images. Disagreement was resolved by consensus. Each curve was categorized according to the following classification: progressive increment (type I), plateau (type II), or washout of contrast agent (type III) ( Figure 2 ). The following parameters were derived: E max , T max , wash-in, area under the curve (AUC)60, AUC90, and AUC120. The maximum CI (E max ) was considered to represent the maximum amplitude of enhancement, and T max was defined as the time at which E max occurred. Wash-in was defined as [CI (maximum) À CI (precontrast)/T max ]. The AUC60, AUC90, and AUC120 values were obtained by trapezoidal integration of the CI with time over 60, 90, and 120 seconds, respectively, after contrast agent arrival in the enhancing voxels of interest. This approach provides a measurement of the initial arrival of contrast agent in the tissue of interest after intravenous bolus administration that reflects blood flow, vascular permeability, and the fraction of interstitial space. 25 
Statistical Analysis
All statistical analyses were performed using MedCalc version 13.0 (MedCalc Software, Mariakierke, Belgium) for Windows. The significance threshold for differences was set at a P value of less than 0.05. To test the significance of individual subjective evaluations of TSI curve distribution in local recurrence and posttreatment change, we used the Chi-squared test. The Kolmogorov-Smirnov test was used to determine whether continuous variables of the TSI curve-derived parameters were normally distributed. According to the results of the Kolmogorov-Smirnov test, Student t test or the Mann-Whitney U test was performed for the comparison of 6 TSI curve-derived parameters between local recurrence and posttreatment change. The significance threshold for difference was set at a P value of less than 0.0083 (0.05/6) for multiple comparison correction. In the receiver operating characteristic (ROC) curve analysis, cutoff points of subjective evaluation and TSI curve-derived parameters determined by maximizing the sum of the sensitivity and specificity (Youden index ¼ maximum sensitivity þ maximum specificity À 1) were calculated to differentiate the 2 entities. In addition, the areas under the ROC curve of parameters and TSI curve types were compared using the method of DeLong et al. 26 A leave-one-out cross-validation was used to evaluate the performance of subjective evaluations of TSI curve type distributions. We calculated the interobserver agreement between subjective evaluations of TSI curve type distributions using kappa statistics.
RESULTS
A total of 24 patients were included in this study: clinical and radiologic follow-up examinations revealed local recurrence in 12 patients and posttreatment change in 12 patients in our current study series. For local recurrence, the final diagnosis was based on histopathological readings (n ¼ 8, 66.7%) or increased mass on clinical and imaging follow-up (n ¼ 4, 33.3%). For posttreatment change, the final diagnosis was based on histopathological readings (n ¼ 3, 25.0%) or stable or decreased mass on clinical or imaging follow-up (n ¼ 9, 75.0%) during a follow-up period of at least 1 year. Descriptive statistics regarding the demographic and clinical data obtained in both the local recurrence and posttreatment change are summarized in Table 1 . Between local recurrence and posttreatment change groups, there were no statistically significant differences found in terms of age (P ¼ 0.778), sex (P ¼ 0.193), or the time interval (P ¼ 0.286) between treatment end and DCE-MRI.
The shapes of the TSI curves differed significantly between patients with local recurrence and those with posttreatment change. In the local recurrence group, a type III curve was seen in 41.7% (5/12) of patients and a type II curve in 58.3% (7/12) of patients. In the posttreatment change group, the predominant TSI course was type I (83.3%; 10/12), a type II curve was identified in 16.7% (2/12) of patients, but no type III curve was found in any patient. The Chi-squared test demonstrated a statistically significant difference in the distribution of the curve types in the local recurrence and posttreatment change groups (P < 0.001). If types II and III were used as a criteria to diagnose local recurrence, and a type I curve was considered suggestive of posttreatment change, the following diagnostic indices for the type of the TSI curve criterion emerged: area under the curve (Az), 0.951 (95% CI, 0.779-0.998); sensitivity, 100% (95% CI, 73.5-100.0); specificity, 83.3% (95% CI, 51.6-97.9); positive predictive value, 85.7%; negative predictive value, 100%; and diagnostic accuracy, 91.7%, when all were regarded as a training set. Leave-one-out cross-validation tests for the type of the TSI curve revealed same diagnostic accuracy, sensitivity, and specificity. The likelihood of local recurrence associated with a type I, II, or III TSI curve was 0% (0/10), 77.8% (7/9), and 100% (5/5), respectively. A falsepositive result was found in 2 of 11 patients with posttreatment change (patient no. 19 and 22) , for whom the histology of the primary head and neck cancer were nasopharyngeal nonkeratinizing carcinoma and oral tongue squamous cell carcinoma, respectively. These lesions were also false-positive on TSI curvederived parameter analysis (i.e., AUC60 value, see below).
The 2 readers came to concordant results for TSI curve classification in 21 (87.5%) of the 24 cases we analyzed. In 3 cases (12.5%) with a discordant rating, type II of 2 cases and type I of 1 case were selected by consensus. The kappa value was 0.839 (95% CI, 0.671-1.000), indicating almost perfect agreement (P < 0.001).
The TSI curve-derived parameters between the local recurrence and posttreatment change groups in our study are summarized in Table 2 . The mean values of the E max , AUC60, AUC90, and AUC120 were significantly higher in the local recurrence group than in the posttreatment change group. In addition, the mean T max was significantly longer in the posttreatment change patients. We subsequently performed ROC curve analysis of the mean E max , T max , AUC60, AUC90, and AUC120 values between the local recurrence and posttreatment change groups. The mean AUC60 was found to be the single best predictive TSI curve-derived parameter with an estimated cut-off of 50.08 because the Az was highest among the parameters without statistical difference (P > 0.1). The following diagnostic indices for the mean AUC60 emerged: Az, 0.882 (95% CI, 0.685-0.977); sensitivity, 91.7% (95% CI, 61.5-99.8); and specificity, 83.3% (95% CI, 51.6-97.9). Representative cases are detailed in Figures 3 and 4 . The Az for the type of the TSI curve was higher compared with the single best predictive parameter (AUC60) without statistical difference (0.951 vs 0.882, respectively; P ¼ 0.287) ( Figure 5 ).
DISCUSSION
The results of our present study can be summarized as follows. First, enhancement kinetics, as represented by the type of TSI curve, were significantly different between the local recurrence and posttreatment change patients in our study series after treatment for head and neck cancer. In the local recurrence group, plateau or wash-out (type II or III) TSI curves prevailed. In contrast, the posttreatment change group predominantly exhibited progressive increment (type I) TSI curves. Second, multiple TSI curve-derived parameters were significantly different between local recurrence and posttreatment change patients. These findings can be explained as follows. Local recurrence, that is, recurrent or residual tumor, shows early and intense enhancement because of its hypervascularity, leaky vessels, and high cellularity. In contrast, posttreatment changes, such as a scar, show persistent delayed enhancement by virtue of the greater contrast agent retention in the extravascular extracellular space due to fibrosis and tissue damage. [27] [28] [29] DCE-MRI has been used to differentiate recurrence from posttreatment change of cancer in the head and neck as well as in other organs such as the breast, colon, and cervix. And they have revealed that DCE-MRI demonstrates different enhancement patterns for enhancing suspicious lesions after bolus injection of gadolinium contrast agent; early enhancement corresponded to recurrence, while weakly enhanced areas corresponded to fibrotic scarring and necrosed lesions. [15] [16] [17] [18] [19] [20] Our current results are very similar to these previous results, emphasizing the potential value of DCE-MRI in differentiating recurrence from posttreatment change in head and neck.
It is notable that 2 of our 12 present study patients who had posttreatment change were misclassified as local recurrence cases in the subjective evaluation of TSI curve analysis. We speculate that the interval between the end of treatment and MRI, rather than primary tumor histologic cell type, may be an important factor in our current study population. DCE-MRI was performed just 3 weeks after treatment in these 2 false-positive cases of posttreatment change, which may indicate that posttreatment inflammation and edema were still present. Previous studies have demonstrated that a short time interval between treatment and MRI may result in false-positives on DCE-MRI 18 and that edema and acute or chronic inflammation could lead to false-positives on MRI in the first 3 to 4 months after treatment. 30 Comparing model-based and model-free DCE-MRI parameters, Roberts et al 31 concluded that although modeling is more complex than the model-free approach, the former is preferable as it provides greater physiologic insight. In contrast, Evelhoch 32 suggested that AUC is related to blood flow, vessel permeability, and the fraction of interstitial space. The modelfree DCE-MRI parameters, including AUC parameters, are generally preferred for several reasons: temporal resolution requirements are relaxed because an arterial input function measurement is not needed, and the potential for fit failure owing to signal noise is irrelevant because data fitting is not required. In addition, model-free systems are more robust and practical because TSI curve fitting and extraction of parameters from the curves are easier and more reproducible than in the model-based method. [33] [34] [35] Hence, we here adopted a modelfree method and validated the value of TSI curve-and AUCderived DCE-MRI parameters. However, further studies should be necessary to compare model-free and model-based methods for further validation.
Our study has several limitations of note. First, it was a retrospective discovery-phase study with a small group of patients with heterogeneous histologic subtypes and various treatment protocols. However, our DCE-MRI study demonstrated coherent results irrespective of the heterogeneous histologic subtypes and various treatment protocols. This could be explained by the fact that histologic end results after surgery or cytotoxic therapies are variable degree of tissue damage, granulation tissue, and fibrosis in contrast to hypervascularity, leaky vessels, and high cellularity of malignant tumors. Further prospective studies that include a larger population are needed to validate our study result and the usefulness of DCE-MRI in patients according to different histologic types of malignancy. Second, we did not compare conventional MRI with DCE-MRI. Although DCE-MRI itself showed high diagnostic accuracy by the analysis of TSI curve patterns or TSI curve-derived parameters, the context in which DCE-MRI provides additional diagnostic value to conventional MRI findings remains unknown. However, we believe that this preliminary study on posttreatment head and neck cancer provides important background data for future evaluations of the added value of DCE-MRI in larger populations.
In conclusion, our current clinical investigation shows that model-free DCE-MRI using TSI curves and TSI curvederived parameters is feasible and reproducible for detecting local tumor recurrence during follow-up of head and neck cancer patients, with Az values ranging from 0.779 to 0.998. These results may be used as a fundamental basis for designing further studies with larger patient populations to assess the added value of DCE-MRI for evaluating head and neck cancer patients. 
